ABSTRACT The free space optical (FSO) or wireless optical communication networks involve atmosphere as the channel, which at times can be turbulent in nature, thus degrading the system performance. These turbulent channels can be analyzed by introducing various channel models and modulation techniques. Various researchers have analyzed the performance by presenting different approaches for each type of channel model. In this paper, we present a unified approach for the performance analysis of the Log-normal, Nakagami-n (Rician), and Rayleigh statistical models by deriving the exact closed-form expressions for average bit error probability and the outage probability of each model. It is achieved by using the alternative form of Q-function and Gauss-Hermite Quadrature approximation to the moment-generating function of the output signal-to-noise ratio (SNR). Furthermore, definite expressions for each type of modulation technique are also derived to describe the channel fading in an FSO communication system. The system of interest includes the M-ary phase shift keying and M-ary quadrature amplitude modulation techniques. Moreover, the average output SNR, the average received irradiance, and the amount of fading (fading strength) are also expressed in simple closed forms for above-mentioned turbulent channels. In addition to this, the performance of the FSO system in the presence of atmospheric turbulence and pointing errors is also investigated. The statistical model is examined for zero and nonzero boresight point errors modeled by Rayleigh and Rician distributions in a Log-normal fading channel. The composite Log-normal PDFs along with asymptotic error rate and outage probability are also presented for such system. The effect of Tikhonov distributed phase noise arise due to BPSK modulation on BER performance is evaluated on three turbulent channels by deriving its closed-form expression using a moment-based approach. The mathematical analysis is verified by comparing the numerical results with Monte-Carlo simulated values and graphs.
I. INTRODUCTION
Free Space Optical Communication is currently developing as an alternative to fiber communication for large bandwidth requirements, serving a number of applications including cellular networks, multi-campus interconnections, high speed and high capacity data links and disaster recovery systems. It is a line of sight communication network with free space or atmosphere as channel, operating at wavelengths of 850nm, 1300nm and 1550nm analogous to the operating windows of optics [1] . This channel at times may be turbulent in nature causing scattering and absorption of the optical signal due to the presence of number of factors including fog, rain, snow and temperature variations, resulting in its deterioration [2] . The photons of optical radiation travelling through atmospheric channel interact with molecular elements and particulates causing them to scatter or extinguish. This attenuation may reach approximately to 40dB/km, 100dB/km and 300dB/km for rain, snow and fog respectively [3] . Due to the temperature variations in atmosphere, the refractive index changes creating Fresnel zones of different densities which scatter the laser beam from its projected path to travel along diverse directions. Moreover, the optical beam diverges due to diffraction from particulates present in the channel resulting in enlarging the size of beam to become greater than receiver aperture size. Owing to this random and dynamic nature of atmosphere, the propagating optical beam undergoes turbulence instigating the fluctuations in phase and amplitude of the signal. These complex characteristics of atmospheric channel can be statistically modeled to estimate the performance of the optical link. Investigations of the various properties of different types of beams propagating through turbulent atmosphere are of interest for optical wireless communications [4] . The fluctuations in received optical irradiance caused by turbulence-induced atmospheric channel are discussed in this work. The regimes created by inhomogeneity in refractive indices of atmosphere are classified into weak, moderate, strong and saturation [5] . A unique model that is valid for all regimes does not exist due to the mathematical complexity involved in computing the pdf statistics of intensity fluctuations [6] . Therefore, these regimes are presented by Log-normal (weak), Nakagami-n (weak to strong) and Rayleigh (saturate) turbulence models [7] . As the performance evaluation of Nakagami-n (Rician) channel in free space optical channel has not yet received much importance in comparison to Rayleigh and Log-normal fading channels. It is mainly due to its complex probability density function statistics and hence the mathematical complexity in deriving its exact closed-form solution. However, Rician channel is meant to exhibit an excellent fit to experimental fading channel characteristics for indoor, outdoor, mobile, and terrestrial and satellite communications [6] .
In any communication system, choosing a modulation technique is an important technical decision which involves the scrutiny of bandwidth and power requirement. Theoretically, the bandwidth of an optical carrier is considered to be unlimited, however, practically it is constrained by the photodetector area and channel capacity. Increasing the bandwidth introduces inter-symbol interference which incurs power losses and therefore, more power has to be transmitted through optical channel, thus reducing the power efficiency. Moreover, increased optical power violates the eye and skin safety regulations. Hence, there is always a trade-off between power and bandwidth efficiency of optical carriers. The other deciding factors contributing to the choice of modulation technique are design of transmitter and receiver. In this paper, the M-PSK and M-QAM modulation techniques are discussed in Log-normal, Nakagami-n and Rayleigh channel models and compared on the basis of bit error rate probability and signal to noise ratio of received optical signal.
The exact closed form solutions in three fading channels for moments of receiver's output SNR are derived using alternative form of Q-function and Gauss-hermite Quadrature approximation with moment generating function. Further, the analytical results are validated by using Monte-Carlo Simulation method. These simulations are performed on M-PSK and M-QAM modulations for Log-normal, Rician and Rayleigh channels and are used for validation by comparing the simulated values with analytical ones.
In addition to the atmospheric turbulence, the signal propagating through FSO channel is also perturbed by building vibrations, sways and thermal expansions result in degradation of link performance. The turbulence can cause the fluctuations in spatial and temporal components of beam intensity whereas, building sways, vibrations and thermal expansions results in misalignment between transmitter and receiver. This misalignment can lead to pointing errors which can cause displacement of optical beam along horizontal and vertical directions. It has two major components, viz. jitter and boresight. In this paper, the effect of both jitter and nonzero boresight pointing errors modeled by Rayleigh and Rician distributions, respectively are presented in Log-normal turbulent channel. The composite PDFs of both Rayleigh and Rician errors models are obtained. The asymptotic error rate of composite Log-normal channel is also derived along with outage probability expressions. The effect of boresight error and jitter variance on system performance is also analyzed using practical FSO system settings and graphs in BPSK modulation. Lastly, the phase noise caused by BPSK modulation technique used in various channel models is also discussed. The average BER expressions for Tikhonovdistributed phase noise in weak to strong turbulence regimes are also derived using moment based approach.
The methodology used in this paper to analyze the performance consists of: 1) The average output SNR, average received irradiance and the amount of fading (fading strength) are expressed in simple closed forms for Log-normal, Nakagami-n and Rayleigh turbulent channels.
2) The average bit error probability (BER) and the outage probability are also expressed in their closed forms by accurately approximating it using well known approach of moment generating function.
3)The asymptotic BER and outage probability expressions of composite PDFs of Rayleigh and Rician pointing error models with Log-normal channel are also derived in simple closed forms. 4)The closed form expressions of average BER in Tikhonov-distributed phase noise is also derived using moment generating function. 5) The achieved results are validated by using Monte-Carlo simulated values of BER.
The paper is systemized as follows: Section 2 illustrates signal modulation techniques; Section 3 discusses various fading channels and their statistical parameters in FSO; Section 4 presents turbulent atmospheric channels with zero and nonzero boresight pointing errors; Section 5 elucidates the effect of phase noise on performance of FSO communication followed by numerical results and discussions in Section 6 and conclusion in Section 7.
II. SIGNAL MODULATION
In Free Space optical communication, the average radiated optical power is limited to a particular level in order to abide the biological safety regulations. In accordance to the inverse square law of distance, the intensity of optical signal is inversely proportional to square of distance travelled and hence, it may not be able to get transmitted over longer distances. Moreover, the aperture size of the receiver has to be large enough to capture the maximum signal, which in turn adds noise to a larger extent. In this context, the employment of modulation techniques plays a productive role in increasing the distance and reducing the aperture size along with the noise at the receiver end. It is worth noticing that on one hand OOK (On-Off Keying) modulation technique is well known for its simplicity; on the other hand M-PSK (M-ary Phase Shift Keying) and M-QAM (M-ary Quadrature Amplitude Modulation) schemes are preferred for best usage of bandwidth. However, systems favoring power efficiency over bandwidth opt for M-PPM (M-ary Pulse Position Modulation). In our work, we will majorly focus on M-PSK and M-QAM techniques.
A. M-ARY PHASE SHIFT KEYING (MPSK)
In PSK, the phase of carrier is changed at the transmitter end and the data bits are retrieved from the received signal at the receiver end. This technique is most conveniently represented by constellation diagram which shows the points in a complex plane [7] . It is further extended to M-ary PSK (or simply M-PSK), where, M represents the order of modulation and is equivalent to the number of points in a single constellation. The values of M can be calculated as M = 2 n where n = 1, 2, 3 and so on. It can be categorized as BPSK for M = 2, QPSK for M = 4, 8-PSK for M = 8 and so on. The general expression for M-PSK is given by [8] :
where, V is the amplitude of the signal, i is the number of bits transmitted in a symbol, f c is the carrier frequency and M is the order of modulation.
B. M-ARY QUADRATURE AMPLITUDE MODULATION (MQAM)
Unlike PSK, QAM modulating signal makes changes in the phase as well as the amplitude of carrier signal, which is a sin wave. It is basically the integration of M-ASK (M-ary amplitude shift keying) and M-PSK modulations. It comprises of two orthogonal basis functions and modulated signal can be expressed as [8] :
Here, V I ,i and V Q,I are the amplitudes of quadrature carriers, T s is the symbol duration and f c is the carrier frequency.
III. FADING CHANNELS
Free Space optical communication is a complicated phenomenon integrating the optical communication with wireless domain. It involves the transmission of light signal through atmosphere commonly called as channel, which, at times may be turbulent in nature. The signal characteristics involve the line of sight path between the transmitter and receiver; reflection, refraction and diffraction of the signal due to the obstructions present in the channel; the relative motion among transmitter, receiver and the scatterers; and signal attenuation due to the medium. In order to trace the transmitted signal accurately at the receiver, a mathematical description of the channel statistics is required which is generally entitled as channel model. It is noteworthy that the signal transmitting through turbulent channel may experience different impairments such as reflection, absorption, attenuation, dispersion in time and frequency, and refraction. Furthermore, the physical effects involved in the fading of signal depend upon whether the terminals are stationary or mobile [8] . Dispersion occurs due to the propagation of signal through multiple paths after it gets reflected from obstacles, resulting in arrival of these components at different intervals of time at the receiver. If the transceivers are at the fixed positions, it is referred to as dispersion in time, however if they are in relative motion to each other it is called dispersion in frequency [9] .
The fading can be broadly classified into multipath fading and shadowing. Multipath fading refers to the one which occurs as a result of reflection of light signal by several obstructions on the transmission path. This type of fading comes under the category of dispersion in time. The reflected components are received at different time instances and intensities. The total received power may be a constructive or destructive outcome of the various components travelling with different phases. Furthermore, it is also referred to as small scale or fast fading as the symbol time duration is larger than the coherence time [9] . In contrary to this, the second type of fading occurs when small variations arise in the mean intensity level of signal due to the combined effects of reflection, absorption and diffraction owing to shadowing from objects, such as buildings and trees. Additionally, shadowing is also recognized as slow fading in which the symbol time duration of the signal is less than coherence time. Besides this, the system performance can be analyzed in form of shadowing only, if the receiver is able to average out the effect of multipath components or the specialized system is deployed to completely eliminate it. In order to mitigate the effects of multipath fading, various models are formulated, such as Rayleigh and Rician fading models. Subsequently, for shadowing, Log-normal Shadowing model is employed. These statistics and theoretical bit error rate analysis of these models are discussed in subsequent sections.
Further, the theoretical analysis is also verified by simulating the above mentioned channel models using MonteCarlo simulation. In this method, a parameter of system, such as BER, is estimated by performing a large number of random experiments. The process of simulation is carried out by transmitting N number of bits through the system and total number of errors, N e , is counted. The probability of bit error estimated is given by:
where, N e and P e are random variables for finite value of N . The accuracy and quality of estimator depends upon the statistics followed by these random variables. For estimating BER performance in communication system using Monte-Carlo simulation, the unbiased and consistent estimator is highly required, such as binomial distribution, as these types of simulators, on an average, provides correct result and the variance of error is also very small when large number of bit transmissions are simulated. In this simulation method, the received signal can be generated from transmitted symbols by using generalized formula:
where, x and y are transmitted and received signals, n refers to AWGN noise and h is the channel amplitude scaling factor which depends upon fading channel used. The transmitted symbols, x, are defined in terms of the modulation technique employed and h and noise are modeled by generating random variables that follow Gaussian distribution with mean zero and variance of 0.5 each. Assuming that channel scaling factor is already known at the receiver accurately, the transmitted signal can be obtained from received one, y, through equalization method:
The signal retrieved from equalization, Y , is compared with transmitted signal, x, to determine number of errors occurred during transmission and channel parameter, BER is computed by using equation (3) . The block diagrams of simulation model in each fading channel are described in subsequent sections.
A. LOG-NORMAL SHADOWING CHANNEL
The Log-normal shadowing channel describes the slow fading condition of signal through a frozen type of atmosphere. Experimentally, it has been observed that the path loss in multipath channel is expressed using Log-normal distribution. When a signal travels through medium, the overall path loss is a combination of a reflection, diffraction and attenuation which are modeled by using Gaussian random variables. The total loss is the sum of all the individual losses expressed by summation of all random variables. According to central limit theorem, the probability density function of a random variable representing total loss tends to converge to a Gaussian or Log-normal distribution with zero mean and variance σ 2 [10] . In the context of weak turbulence regime or slow fading, the pdf of intensity of optical field can be modeled in terms of Log-normal distribution given by:
where, σ 2 l is the variance of ln(I ) and I 0 is the average intensity of signal. In the context of weak turbulence regime, the scintillation index, σ 2 sc , holds the value less than 0.75 and the system is modeled by Log-normal distribution.
The p(I ) obtained in above equation can be used to implement any modulation technique on free-space optical channel, while having weak turbulence regime with coherence length of fluctuations upto few milliseconds. Other than this, the Log-normal model can be applied for propagation distance less than 100 m.
1) BIT ERROR RATE IN LOG-NORMAL CHANNEL
In any communication system, the performance of channel can be measured with the help of bit error rate (BER) which is the measure of number of error bits in received signal. It is, hence, of interest to mention that in most of the channel models, BER can be expressed in terms of probability density function of channel distributed signal intensity. Generally, BER is expressed as:
where, a and b are constants whose values depends on the type of modulation, p(I ) is the pdf of intensity of channel model used for transmission and γ (I ) is the SNR. For commercial FSO communication systems, the BER in Lognormal channel can be formulated by following expression:
where, γ (I ) represents the electrical SNR per bit and is given by 2κ 2 /σ 2 , (where κ = RI ξ/2) . Substituting the values of parameters R and ξ Î¿ from [7] , we get γ (I ) = I 2 /2σ 2 l . The above equation is for unconditional probability of error over Log normal fluctuation statistics involving BPSK modulation technique. It can be solved using Gauss-Hermite quadrature integration approximation [11] and can be given as [7] :
where, K 0 and K 1 are different noise limiting conditions of thermal and background noises. Its value is given in [7] . As mentioned in [7] , the unconditional BER in case of MPSK is given by: (11) where, M ≥ 4. However, the closed form solution of above BER expression for PSK having order M > 4 does not exist in literature and thus tractable results cannot be obtained [7] . However, through combining alternative form of Q-function with Gauss-Hermite approximation, the BER in equation (11) can be reduced to (to elaborate, see Appendix A):
In case of QPSK, i.e. M = 4, the equation (12) can be illustrated as:
For M-QAM modulation, the closed form solution for unconditional BER is derived in the similar manner as in case of M-PSK. The expression for conditional BER of M-QAM is given by [7] :
Looking at the equation (8) of unconditional BER for M-PSK, the closed form solution of M-QAM can be determined in similar fashion by substituting the appropriate values of a and b in closed form solution of Appendix A and is obtained as:
In case of 16-QAM, M = 16. The above equation can be rewritten as:
2) FADING STRENGTH
The signal in Log-normal channel is impaired with white noise which is linear in nature. The noise variance (σ 2 ) and noise power spectral density (N 0 ) are related to each other as σ 2 = N 0 /2. The symbol energy of M-ary modulation schemes is generally given as [8] 
where, E s = Symbol energy per modulated bit, K m = log 2 M with M = 2 for BPSK, M = 4 for QPSK and so on, K c is the code rate of the system which is usually equal to 1 and E b is the energy per bit. Combining equation (14) with that of noise variance, it can be rewritten as
In case of BPSK and QPSK, E s is equal to unity, whereas, it is equal to 1/ √ 10 for 16-QAM. Further, K m holds the value 1 for BPSK, 2 for QPSK and 4 for 16-QAM. Substituting these values, the equation (15) can be rewritten as
The simulation model of Log-normal channel is illustrated in Figure 1 . Here, the modulated signal undergoes impairment due to the addition of AWGN noise and channel impulse factor. The received signal is compared with transmitted one, to determine the BER. The amount of fading occurs in Lognormal channel can be given by following expression [9] :
Simulation process of Log-normal fading channel.
3) OUTAGE PROBABILITY
Outage probability is another performance metric which is useful to determine the probability of outaging of signal in case of deep fading when average BER is less than its threshold value. It can be depicted in terms of SNR as follows [5] :
where γ * is average SNR for given noise channel with no atmospheric turbulence and m is power margin which is extra power supplied to enhance the signal strength which has had weakened due to turbulence induced fading. P out depicts the probability of signal outage when SNR becomes less than the threshold value and the signal is not able to reach at the receiver end. It is also useful to determine how much extra power must be supplied to enhance the signal strength, so that the required SNR be achieved. In Log-normal channel, the expressions of outage probability and power margin are generally given by [7] :
By substituting the values of fading strength of BPSK, QPSK and 16-QAM in the above expressions, the respective outage probability and power margin can be computed.
B. RAYLEIGH FADING CHANNEL
Rayleigh fading model is applicable when a number of objects are present in the atmosphere that scatters the signal as it is transmitted towards the receiver and thus, there is no line-of-sight path between the transceivers. If the amount of scattering is large, then the channel impulse response will be modeled as Gaussian, despite the distribution of individual components of the signal. If there is no dominant component, then the phase will be evenly distributed between 0 and 2π radians, thus having zero mean. The envelope thus formed will be Rayleigh distributed which forms the fully developed speckle regime [8] . This amplitude fluctuation of the signal traversing the strong turbulence regime is believed to follow Rayleigh distribution and pdf of which is expressed by negative exponential statistics of intensity given as follows [7] :
Here, I refers to signal intensity level and I 0 is the average received irradiance and in this saturation regime, the scintillation index approaches to unity. It is imperative to note that all the distributions depicting the weak to strong turbulence, such as I-K and Gamma-gamma distribution models, reduces to negative exponential statistics in the bounds of strong turbulence. In addition to this, the Rayleigh fading model is applied when transceivers are placed several kilometres apart and thus, the number of independent scatters will be large.
1) BIT ERROR RATE IN RAYLEIGH FADING CHANNEL
In saturation regime, i.e. in strong turbulence, the BER of the signal can be obtained by replacing the pdf in equation (5) by that of negative exponential statistics expressed in equation (20) :
For expressing the BER of M-PSK in Rayleigh fading channel, equation (21) is compared with equation (9) to obtain the values of a and b. After substitution of these values in equation (21), the unconditional BER of MPSK can be rewritten as [9] :
In case of BPSK, the values of a is √ 2 and b approaches unity. Hence, the closed form solution for unconditional BER reduces to (for derivation, see Appendix B):
where, R, ξ and σ 2 are responsivity, modulation index and fading strength in Rayleigh channel, respectively. Furthermore, the BER expression for M-PSK modulation can be reduced by substituting the values of a and b in closed form solution of Rayleigh distribution derived in Appendix B as:
For QPSK, the value of M has to be replaced by 4 in above expression, which then reduces to:
On a similar note, the unconditional BER in M-QAM modulation using negative exponential fluctuation statistics can be expressed by placing the values of a and b variables as [9] :
The above equation can be reduced by replacing the values of a and b in closed form solution with their respective values observed in equation (30). The final expression for M-QAM thus becomes:
For 16-QAM, the value of M has to be replaced by 16 in above expression, which then reduces to:
2) FADING STRENGTH IN RAYLEIGH FADING CHANNEL
It is worth noting that the fading strength of a channel is nothing but the variance mentioned in equation (27), which can be computed by calculating the variance of the noise component of received signal in simulation model described VOLUME 7, 2019 FIGURE 2. Simulation process of Rayleigh fading channel.
in Figure 2 . Let us consider that the channel amplitude scaling factor ('h') estimated at receiver is known and is accurate [4] . The transmitted symbols ('x') can be obtained from the received signal ('y') by the process of equalization, given in equation (5) [8] . Segregating the factor n into noise and scaling factor, equation (4) is rewritten as:
here, noise and h are Gaussian random variables and SF is the scaling factor of modulated signal in combination with fading induced by Rayleigh channel. The fading strength or noise variance of Rayleigh fading can be calculated by computing the overall variance of n and h components of received signal y. Let noise and h be Gaussian random variables X and Y having variance of 0.5 each, which generates the one tap complex Rayleigh fading process [8] . SF is a product of amplitude scaling of the signal induced by Rayleigh fading channel and the modulation technique used before transmission. This creates scaling of amplitude of the signal as it passes through the channel and can be given as:
The equation (33) can be rewritten as:
In case of two independent Gaussian random variables, the variance of sum of two Gaussian variables is merely the addition of the two individual variances [12] . Generally, the MSF of BPSK and QPSK is unity, however, it is different in case of QAM. The variance of the two PSK techniques in terms of E b /N 0 becomes:
Since, QAM scheme is a combination of phase and amplitude modulations, the turbulence affect both these components and hence they suffer from scaling. Therefore, the scaling factors of amplitude and phase have to be multiplied in order to achieve the overall scaling factor of this modulation scheme, which is in contrast to M-PSK schemes, where only channel fading contributes to the overall scaling of the signal. It is important to note that the scaling factor is calculated for normalizing the average energy to one. The total energy of M-QAM depends upon the value of M and is given as [13] :
From the above equation, the energy for 4-QAM scheme comes out to be 2, for 16-QAM is 10 and so on. In order to normalize each bit of a symbol, the scaling factor is considered as E avg /k, where k is the total number of bits in each symbol. Therefore, the overall modulation scaling factor turn out to be E avg /k = √ E b [13] . From equation (34), the overall scaling factor consisting of Rayleigh channel and modulation scaling becomes:
For BPSK and QPSK, the modulation scaling factor √ E b is 1, whereas, for 16-QAM,
The overall fading strength (variance) of 16-QAM in Rayleigh Fading Channel is computed by reconsidering the equation (35):
Moreover, the amount of fading in Rayleigh model is 1 as there is no line of sight path between receiver and transmitter.
3) OUTAGE PROBABILITY
By following the same approach of Log-normal channel, the outage probability in Rayleigh channel possessing negative exponential fluctuation statistics is given as:
As the equations of m and P out are independent of signal intensity, and hence the fading strength, therefore, the probability of signal getting outaged is independent of the type of modulation employed.
C. RICIAN FADING CHANNEL
Rician fading channel is a channel model in which the signal reaches the receiver after traversing through different paths, thus causing multipath interference. While passing through this channel a signal segregates into multipath components among which the dominant one is the line of sight component (i.e. specular component) and the rest are termed as random or scatter components (i.e. non line of sight) [8] , [9] . The simulation process of Rician fading channel is depicted in Figure 3 . Let the specular component be denoted by Gaussian random variable X and the scattered component by random variable Y. According to the channel characteristics, the X variable (LOS) should have non zero mean, while Y (NLOS) should have zero mean. However, the variances of both variables should be equal [11] . Due to the difference of means of both components, Rician K factor comes into picture which is defined as the ratio of power of LOS component to that of NLOS component. The noise generated in Rician fading process is modeled by Gaussian random variable P with zero mean and 0.5 variance. This fading occurs when one of the paths (mostly line of sight) is stronger than the other paths (mostly non-line of sight). The total fading in this model is a combination of fading occurring in both types of paths [8] . The channel fading amplitude traversing the turbulent medium is believed to follow Rician distribution implying non-central chi square Nakagami-n irradiance fluctuation statistics:
where, I is the irradiance, I 0 is average received signal intensity, n 2 refers to Rician K-factor and B 0 is zeroth-order modified Bessel function of first kind. It is noteworthy that in Rayleigh distribution the random variables have zero mean and thus it obeys the central Chi-square distribution [9] . However, Rician distribution is modeled by using random variables having non zero mean and therefore relates to noncentral Chi Square distribution.
1) BIT ERROR RATE IN RICIAN FADING CHANNEL
In turbulence regime, the BER of the signal can be obtained by replacing the pdf in equation (5) by that of Chi Square distribution statistics expressed in equation (42):
where, a and b are the constants whose values depend upon type of modulation used. The closed form solution of unconditional BER in Rician channel for BPSK modulation is given by (to elaborate, see Appendix C):
Here, σ 2 is the noise variance of signal which is also known as fading strength of Rician channel. By inserting the appropriate values of constants for MPSK from equation (9), the unconditional BER for MPSK modulation can be expressed as follows:
The approximated solution of BER for MPSK scheme is derived in Appendix C using Moment Generating Function and alternative form of Q-function [11] , and is obtained as in (46), shown at the top of the next page.
The BER expression for QPSK scheme is obtained by substituting the value of M as 4 in above equation:
Furthermore, the unconditional BER expression for M-QAM modulation can be obtained by working in similar fashion:
The approximated solution of BER in M-QAM technique derived in Appendix C can be illustrated in (46), as shown at the top of the next page. VOLUME 7, 2019
The BER expression for 16-QAM scheme is obtained by substituting the value of M as 16 in above equation: 
where, SF = Rician Fading Factor×Modulation Scaling Factor. The above equation can be rewritten as:
Since, X and Y are Gaussian random and unrelated to each other, then the total variance of h component becomes 2σ 2 1 [9] . The value of Rician Fading Factor in scaling factor SF is 1/ √ E b /N 0 and standard deviation of random variable P is 1/ √ 2 . In case of BPSK and QPSK, the fading strength is calculated as follows:
Substituting the value of modulation scaling factor [9] as √ E b = 1 for BPSK and QPSK and Rician fading factor as 1/ √ E b /N 0 , thus SF can be obtained as 1/ √ E b /N 0 . After substituting the above values, the overall variance of n and h components of equation (4), comes out to be:
The overall variance of received signal comprising addition of three Gaussian random variables can be written in form of Rician K factor [8] as follows:
If value 3 is substituted in place of K , the fading strength for BPSK and QPSK in Rician Channel becomes:
In 16-QAM modulation scheme, the value of modulation scaling factor of √ E b is substituted as √ 5/2 and Rician fading factor as 1/ √ E b /N 0 , thus SF can be written as √ 5/(2E b /N 0 ). Working in a similar way, the total variance in Rician fading channel for 16-QAM becomes
If value 3 is substituted in place of K , the fading strength for 16-QAM modulation becomes:
The channel parameter, amount of fading in Rician fading model can be written as [9] :
3) OUTAGE PROBABILITY
By following the same approach of Rayleigh fading channel, the outage probability in Rician channel possessing Nakagami-n fluctuation statistics is given as:
After solving the integration, the equation of P out is independent of signal intensity, and hence the fading strength, therefore, the probability of signal getting outaged is independent of the type of modulation employed. However, the closed form solution of outage probability can also be obtained through employing approach of approximating MGF of Rician channel by using Pade approximation and further poles and residues of approximant can generate outage probability expression [14] .
IV. TURBULENT ATMOSPHERIC CHANNELS WITH ZERO AND NON-ZERO BORESIGHT POINTING ERRORS
In FSO communication link, the transmitter modulates the data bits onto the intensity of optical beam which propagates through turbulent atmosphere and suffers fluctuation in intensity due to turbulence and misalignment [15] - [17] . Assuming the presence of AWGN noise for thermal and shot noise with unit responsivity, the received signal y can be modeled as given in equation (4) . Rewriting (4) as y = hx + n where, h refers to the channel gain which models the random attenuation. In our paper, we assume that the scintillation index is a constant value to characterize atmospheric turbulence as it changes slowly near the spot of boresight displacement. Therefore, the pointing errors and atmospheric fading are modeled independently and channel state h can be expressed as h = h l h p h a where, h l is the path loss component, h p is the pointing misalignment loss factor and ha denotes the atmospheric turbulence loss factor. h l is deterministic as it is constant at given weather conditions and link distance, however h p and h a are random variables effecting the signal intensity.
In FSO, in order to obtain line of sight communication, the transmitters are often positioned at the top of buildings. Therefore, the atmospheric turbulence, building vibrations, sways and thermal expansions result in degradation of link performance. The turbulence can cause the fluctuations in spatial and temporal components of beam intensity whereas, building sways, vibrations and thermal expansions results in misalignment between transmitter and receiver. This misalignment can lead to pointing errors which can cause displacement of optical beam along horizontal and vertical directions which are generally considered by independent Gaussian random variables. It has two major components, namely, boresight and jitter. The boresight is the fixed displacement of beam center from the detector plane center resulting from the thermal expansions of buildings. However, jitter represents the random offset of beam center at the detector plane generally caused by building sways and vibrations. Various studies have been done to incorporate pointing errors in turbulent channel models. Reference [18] considered zero boresight pointing error with same jitter effect along both displacement directions. On the other hand, [19] generalized the model by considering nonzero boresight errors. In our paper, we consider generalized Beckmann pointing error model with both zero and nonzero boresight component having same jitter effects in both displacement directions.
A. GENERALIZED POINTING ERROR MODEL
Considering a Gaussian beam of beamwidth w z propagating through FSO channel covering the distance z from transmitter to photodetector having aperture radius a and the radial displacement r from beam center to the detector plane center. The expression of fraction of collected power at the given distance z can be approximated as [18] : is the ratio between aperture radius and beamwidth. The approximation in collected power expression is valid only when w z /a > 6. The radial displacement vector r depends upon both the horizontal and vertical displacements of beam and is expressed by r = [xy] T . Assuming the independent horizontal and vertical Gaussian distributions, the radial displacement r = x 2 + y 2 is modeled by Beckmann distribution. Beckmann distribution also known as Lognormal-Rician distribution is a versatile model having four parameters of two independent Gaussian RVs. If both the displacement having nonzero mean and random variances i.e. µ x ,σ 2 x , µ y ,σ 2 y then the PDF of Beckmann distribution is given by [20] :
In FSO communication systems, the jitter variances of both x and y displacements are generally accepted as equal. Therefore, we are left with two cases viz., µ x = µ y = 0 (depicted by Rayleigh distribution) or µx 2 + µy 2 =0 (Rician distribution). Beckmann model involves many other distributions as its special cases including Rayleigh and Rician models which are further considered in this paper for zero and nonzero boresight errors, respectively.
1) RAYLEIGH POINTING ERROR MODEL
When both displacement distributions are having zero mean and equal variances such that σ 2 x = σ 2 y = σ 2 s where, σ 2 s is the jitter variance at the receiver, the radial displacement r is modeled by Rayleigh distribution as:
By combining equation (60) and (62), the probability distribution of zero boresight pointing error h p can be given as [18] :
where γ = w z eq /2σ s is the ratio of equivalent bandwidth and pointing error standard deviation. It is also known as measure of the intensity of pointing error effect. VOLUME 7, 2019
2) RICIAN POINTING ERROR MODEL
If the displacement have non zero mean and common variances i.e. σ 2 x = σ 2 y = σ 2 s then PDF of radial displacement r becomes Rician and is given by [19] :
where s is the µ 2 x + µ 2 y is the boresight displacement and B 0 (.) is the modified Bessel Function of first kind with order zero. By combining (60) and (64), the PDF of non-zero boresight pointing error h p depicted by Rician model is given as:
where γ is same as in the case of Rayleigh model. If zero boresight error with s = 0 is considered, this model turns into Rayleigh pointing error model.
B. ATMOSPHERIC STATISTICAL MODEL
In the previous sections, we have analyzed Log-normal, Rayleigh and Rician fading channels for modeling atmospheric turbulence. However, Rayleigh and Rician distributions have already been used to model pointing errors, therefore, Lognormal fading model depicting weak turbulence conditions is used to characterize atmospheric fading h a and its PDF is given by:
where σ 2 X is the log-amplitude variance and is related to Rytov variance, σ 2 R , by σ 2 X ≈ σ 2 R /4 = 0.31k 7/6 C 2 n z 11/6 . Here C 2 n is the refractive index parameter of atmosphere and k is the optical wavenumber having value 2π/λ [18] .
C. COMPOSITE PDF WITH RAYLEIGH AND RICIAN POINTING ERROR MODEL
The PDF of channel gain h = h l h a h p can be expressed as [18] :
where, f h (h; w z ) is a family of PDFs with parameter h and w z , f h|h a (h|ha) is the conditional probability having turbulent state h a . As h l is path loss factor which is a constant value, thus resulting conditional probability is given as:
By substituting equations (63) and (65) in (68), the resulting conditional distributions of Rayleigh and Rician models are given as:
1) RAYLEIGH COMPOSITE PDF
Substituting (69) in (67), the expression for (67) can be written as:
The pdf of channel gain h can be computed by replacing f h a (h a ) by Lognormal pdf of equation (66) and final expression is given by:
Here, µ = 2σ 2 X 1 + 2γ 2 .
2) RICIAN COMPOSITE PDF
By applying similar approach, substituting Lognormal pdf of (66) and conditional probability of (70) in (67), the final expression of channel gain h is given by:
and u c = 8
D. ERROR RATE ANALYSIS
Based on the system model, the Bit error rate of SIM-BPSK conditioned on channel gain h is given by:
where γ (h) is the instantaneous signal to noise ratio (SNR) in BPSK modulation, it can be defined as:
Here, average SNR = (P 2 t /γ 2 n ). The average BER of FSO BPSK system over atmospheric turbulence in presence of path loss component and pointing error of channel gain h is obtained by:
The expression of BER for composite PDF of Rayleigh and Lognormal channel state f h p (h p ) can be obtained by inserting equation (72) and (74) in (76) as:
The closed form solution to above equation is difficult to obtain and therefore it needs to be evaluated numerically in order to achieve exact average BER value. However, the approximation to above expression can be achieved by deriving the asymptotic BER formula of [21] by assuming that large SNR is achieved. According to [21] , at considerably high SNR value, the average bit error probability of a system in fading channels can be approximated by :
Here, G c is the coding gain which indicates the shift of the curve in BER with respect to SNR relative to the benchmark curve (SNR) −G d and G d is the diversity order which indicates the slope of the curve BER versus average SNR determining the speed by which BER decreases in high SNR region. Both the factors G c and G d are determined from the behavior of instantaneous SNR pdf of channel gain near origin. For obtaining the same, the pdf is expanded into power series and its limit at h reaching zero is observed as:
From the above equation, the coding gain G c and diversity order G d can be obtained as:
The composite Lognormal fading with Rayleigh pointing error pdf of channel gain h near origin is obtained as:
From (82), the diversity order is obtained as G d = γ 2 /2 and coding can be represented as:
is the positive constant depending upon the modulation scheme used. With average SNR = P 2 t /σ 2 n , the asymptotic BER for BPSK FSO system can be expressed as:
(84)
2) RICIAN POINTING ERROR MODEL
The expression of BER for composite PDF of Rician and Lognormal channel state f h p (h p ) can be obtained by inserting equation (73) and (74) in (76) as
The average BER expression is derived in [19] by introducing an auxiliary parameter B for partitioning integration interval and introducing approximation error R B which was further adjusted to make its value arbitrarily small and approximated expression is given as [19] :
However, the asymptotic BER solution of BPSK in closed form can be achieved in similar fashion as described in Rayleigh case. The composite Lognormal fading with Rician pointing error pdf of channel gain h near origin can be represented by following power series expression:
The expressions for coding gain G c and diversity order G d can be attained from above equation as:
(88) VOLUME 7, 2019 Finally, the asymptotic BER can be derived by inserting G c and G d in (78):
As discussed in preceding sections, the outage probability is a performance metric that identify how much power is required to prevent the outaging of signal at receiver end. The outage probability expressions over log-normal fading channel in presence of pointing errors and path loss factor in different pointing error models are discussed next.
1) RAYLEIGH ERROR MODEL
In accordance with equation (21) the formula for outage probability can be rewritten in form of instantaneous capacity as:
Here h 0 = C −1 (R 0 )/γ , R 0 is the transmitter data rate, Pout is the outage probability that capacity C(h) is not sufficient to prevent outage of signal at given data rate R 0 and f h (h) is PDF of channel gain h comprising factors pertaining to fading, pointing error and path loss. Substituting the value of f h (h) from (72) into (90), we get:
After solving integration, the closed form solution of outage probability becomes:
2) RICIAN ERROR MODEL
The outage probability in Rician model is calculated with same expression (90), however, in this case h 0 = √ (2R − 1)/γ , R is the transmitter encoding data rate. By inserting composite PDF of Rician (73) in (90) and using expansion of erfc(.) function, we obtain outage probability as:
V. EFFECT OF PHASE NOISE ON PERFORMANCE OF FSO COMMUNICATION
In coherent FSO system, while using M-PSK modulation on wireless optical signal, the information is encoded on the phase of the transmitted signal. While receiving the signal at the receiver end, it is generally assumed that a perfect phase reference is available for extraction of the signal. However, from practical point of view, there is always a change in phase of the received signal while traversing through the turbulent channel and phase reference is estimated from this noisy version of corrupted received signal. This leads to the occurrence of phase noise/error in the received FSO signal resulting in imperfect coherence detection performance of the system. The phase noise is the difference between phases of received and extracted reference signals and is generally modeled by using Tikhonov distribution [22] . One of the prominent method for recovering the carrier phase reference is the use of Phase Locked Loops (PLLs) and from [23] it has been proved that this distribution matches exactly with carrier phase noise PDF of first order PLLs and can approximate the PDF of second order loops. In this section, we present the effect of Tikhonov-distributed phase noise on the BER performance of Lognormal, Rayleigh and Rician fading channels.
A. PHASE ERROR MODELING
The degradation in performance of wireless system due to the imperfect phase estimation at the receiver end is a vital problem. The free space optical channel experiences distortions in the phase of signal due to multipath fading and due to this imperfect synchronization occurs at the receiver end. Due to this, the phase estimated from reference (φ e ) is different from received signal phase (φ r ), and this difference, i.e. θ = φ e − φ r , is generally known as phase error (or noise). The effect of flat multipath fading on the signal amplitude is characterized by multiplicative attenuation factor α. In addition to this, the transmitted signal is also distorted by AWGN noise having power spectral density of N 0 /2. Hence the received signal in presence of fading and AWGN noise is presented as:
Here, n(t) is the AWGN noise, α exp(−jφ) is the attenuation caused by fading and s(t) is the transmitted signal. The phase error, θ , caused by multipath fading distortions is modeled by PDF of Tikhonov distribution, which is assumed to be a circular analogue of normal distribution, is presented as follows [22] :
Here, B 0 is the modified Bessel function of first kind and zero order, µ is the measure of concentration and in unbiased phase error and its value is 0. The parameter α may be expressed as α = 2P/ (N 0 B t ) where B t is the noise bandwidth of the closed loop transfer function.
B. BIT ERROR RATE PERFORMANCE UNDER THE EFFECT OF PHASE ERROR
The conditional bit error rate of BPSK modulation considering phase error in received signal is given in [24] can be written as:
where, γ (h) is the instantaneous SNR and θ is the phase error. The average BER expression is obtained by integrating conditional BER over the PDF statistics of fading channel and phase error PDF of equation (95) as:
Here f a (h a ) is the pdf of fading channel used. Now, using the alternative form of Q-function of equation (111), the BER can be rewritten as:
× f θ (θ )dφdθ (98) The above expression can be simplified by using moment generating approach used in deriving BER in Rician channel in section 3. By applying the similar approach and substituting the phase error pdf from (95), the average BER can be written as:
The above expression for BER can be evaluated by inserting specific MGF of different fading channels as described below:
1) LOG-NORMAL FADING
The Laplace transform used in computing moment generating function of Lognormal fading does not have closed form solution [9] , therefore, the average BER is computed by following approach of Gauss-hermite quadrature approximation used in section 2. By inserting the pdf of Lognormal fading and phase error in equation (97), the expression can be rewritten as:
Using alternative form of Q-function and Gauss-hermite approximation as mentioned in Appendix A, the above expression can be simplified as:
where
Inserting MGF of instantaneous SNR of Rayleigh in equation (99), the simplified expression of average BER becomes [9] :
where, ξ =γ
3) RICIAN FADING
Working in similar way, the MGF of Rician in inserted in equation (99) and average BER solution can be obtained as:
VI. NUMERICAL RESULTS AND DISCUSSION
In this section, the analytical results derived from the expressions developed in above sections are presented. Here, three modulation techniques viz. BPSK, QPSK and 16-QAM are compared and evaluated on the scale of weak to strong turbulence regimes of atmospheric channels depicted by Lognormal, Rician, and Rayleigh distributions with scintillation index of 0.75, 1 and greater than 1, respectively. The parameters of PIN photodetector are used at receiver with responsivity and modulation index equal to one. The performance of FSO optical signal is evaluated in terms of BER as a function of average received intensity I 0 and SNR for channel parameters viz. E b /N 0 (energy of a bit per noise spectral density) and Fading strength σ 2 , respectively. Furthermore, the assessment of signal performance in channel models is carried out by drawing the outage probability of a signal with respect to power margin. It is noteworthy that we have taken two modulations of M-PSK and one of M-QAM technique such that M = 2, 4 and 16 in each case. However, it is imperative to note that the first order of QAM modulation is taken as M = 16, since 2-QAM and 4-QAM are considered equivalent to BPSK and QPSK, respectively, and the BER performance of 8-QAM is close to 16-QAM [7] . Remarkably, the performance of signal degraded by various obstacles can be improved by increasing the signal intensity. Moreover, a very important parameter namely, E b /N 0 addressing the amount of energy per bit required to overcome the deterioration of the signal occurred due to presence of noise in a turbulent channel, needs to be considered for assessing signal performance. By taking into account its profound impact, we have plotted BER as a function of received intensity I 0 , with E b /N 0 as a variable having values of 0 and 20dB in Log-normal, Rayleigh and Rician Fading channels for three modulation techniques correspondingly in Fig. 4 , 5, and 6. The three different graphs are plotted for aforementioned modulations fixing load resistance R L to 50 and bit rate R b = 155Mbps. It is interesting to observe that the intensity requirement for Rayleigh and Rician fading (depicted by top axis) is quite high as compared to Log-normal channel having weak turbulence regime (depicted by bottom axis) for same range of BER and E b /N 0 values. Further, the decrease in BER is gradual in Rayleigh and Rician fading channels having minimum value ranging from 10 −1 to 10 −3 for intensity 20dBm. However, a drastic decrease in BER is seen in Log-normal fading achieving the value of 10 −10 with negative range of intensity in dBm. Comparing figures 4, 5 and 6, it is observed that being the most turbulent channel, Rayleigh fading experiences maximum BER and the system performance is better with 16-QAM modulation for average intensity ranging from 0 to 10dBm, however, BER remains almost constant using 16-QAM for succeeding range of received intensities between 11 and 20dBm (can be seen in Table 1 ). Additionally, in moderately turbulent channel described by Rician fading, both BPSK and QPSK achieves equivalent BER values at 0 and 20dB of E b /N 0 , however the system performs inferior using 16-QAM for same range of received intensities. In contrary to this, the rise in level of average signal intensity, especially at boundary conditions of E b /N 0 in Log-normal channel, is least for QPSK followed by BPSK and 16-QAM.
Due to fading caused by obstructions present in the passage of the signal, the amplitude, phase and frequency gets tempered and hence, the information encoded in these electrical properties gets distorted. The amount of fading, AF, in the pdf of Log-normal, Rayleigh and Rician distributed variable I determines the fading induced by channel model. The detrimental impact of turbulence modeled by AF on system performance is evaluated in Fig. 7, 8 , and 9 by drawing the plot between BER and SNR for 0.25 and 0.75 levels of AF in log-normal and Rician channels. However, in Rayleigh strong turbulent channel AF is always equal to unity, therefore, the BER decreases gradually as compared to Rician and Lognormal channels for same levels of SNR. Nonetheless, for attaining reasonable system performance the value of SNR in 16-QAM is higher than the other two in Rayleigh channel. Interestingly enough, a sharp decrease in BER values is observed for initial range of SNR for 16-QAM in comparison to other schemes followed by completely opposite scenario for later range of SNR values (as inferred from Table 2 ). However, in Log-normal fading, it is conjectured that for realizing BER of 10 −3 , the 16-QAM entails drastically high SNR level at 0.25 value of AF as compared to the other two. Furthermore, it is worth noting that with the rise in value of AF to 0.75, the elevation in the value of SNR to overcome the impact of increased turbulence in QPSK is observed to be minimal in comparison to other techniques. Apart from this, Monte-Carlo simulated values, represented by '' '' for Rician and Log-normal and '' '' for Rayleigh fading channels, are also plotted which are in close approximation with analytical curves, thus validating the analytical investigations.
Owing to the presence of multipath fading encountered in the signal path, the signal detected at the receiver end may not be accurate enough to retrieve the information encoded in the transmitted signal. In order to assess the signal strength, the outage probability is plotted against the power margin for -5dB and 20dB values of E b /N 0 for Log-normal channel shown in figure 10 . In that event, it is augmented from graph that the P out in Rayleigh and Rician fading channels is independent of the energy per bit of symbol and the type of modulation employed. However, it is encouraging to note that the power margin required to achieve P out of 10 −4 in fully developed speckle of Rayleigh fading and partial developed Rician speckle is approximately 40dBm and 33dBm higher than that required in weak turbulence regime of Log-normal shadowing (at 20dB of E b /N 0 ), respectively. Furthermore, it can be analyzed that for -5dB level of E b /N 0 , the extra power required at 10 −4 value of Pout to prevent signal outaging is maximum in BPSK, pursued by 16-QAM and is least in QPSK. At 20dB level of E b /N 0 , the difference in extra power required to prevent outage in different modulations is marginal and hence modulation effect on system performance is negligible. It signifies that power margin or the extra power required to supply to the signal for achieving a sufficient signal strength at receiver end is found to be increasing in order of QPSK to 16-QAM to BPSK in Log-normal channel. However, the reliable communication link can only be established in saturation regime of Rayleigh and Rician channels by mitigating the fading effects through employing other schemes.
In continuation to above analyzed results, the effects of zero and nonzero boresight pointing errors modeled by Rayleigh and Rician distribution, respectively, in weak turbulence region characterized by Lognormal channel on BER performance and outage probability of FSO system are analyzed. The system parameters which are used in many practical FSO systems [25] are adopted as entailed in Table 3 . The path loss factor affecting the system performance is also analyzed for light fog weather condition with attenuation factor of 0.008 in context of weak turbulent Lognormal fading channel. In figure 11 , the deterioration in BER performance of BPSK modulated laser beam is observed as jitter variance (σ s ) is increased from 15 to 20 at Lognormal turbulence of σ 2 R = 0.01, whereas the bit error rate in nonzero boresight pointing error (at s = 20) increases sharply at similar conditions as perceived from figure 12. Moreover, the power collected at receiver aperture also decreases at large boresight displacement of s = 20. From asymptotic curves of figures 11 and 12, we also observed that with increase in the jitter variance at constant beamwidth (w z ), the diversity order of the system becomes smaller. The outage probability of light fog case with code rate of R 0 = 0.5 is computed for composite Lognormal fading channel in presence of zero and nonzero boresight pointing errors is pre- sented in figures 13 and 14, using (92) and (93) respectively. As inferred from figure 13 , the probability of outaging of the signal increases with increase in atmospheric turbulence (σ 2 R ) from 0.05 to 0.2, at jitter variance (σ s ) of 10cm. In contrary to this, the required transmission power almost doubles for the same value of outage probability, when boresight displacement is increased from 0 to 3 in figure 14 .
In presence of multipath fading, the erroneous estimation of the phase in case of BPSK modulation perturbs the BER of received signal. The change in BER performance of FSO system due to the occurrence of phase noise (attenuation factor α = 5dB) in presence of Lognormal, Rayleigh and Rician fading channels can be deduced from figures 15, 16 and, 17 respectively. Here, the actual BER of different channels with amount of fading AF = 0.25 and 0.75, are plotted along with the curves comprising the phase noise effect. It can be conjectured that at larger values of SNR, with amount of fading 0.75, the effect of phase error on BER performance is more pronounced in Rician channel as compared to Lognormal and Rayleigh.
VII. CONCLUSION
This paper investigates the performance of FSO system design which is corrupted by atmospheric turbulence, misalignment leading pointing errors and path loss. The analysis of system is firstly carried out by examining BER performance with respect to SNR and average received irradiance for varied values of system parameters in presence of weak to strong atmospheric turbulences modeled by Lognormal, Rayleigh and Rician distributions. From numerical simulations, it has been deduced that in comparison to Lognormal channel, both Rayleigh and Rician fading requires substantially high received intensity and SNR levels, which accounts to almost double the requirement, in order to mitigate the effect of high amount of fading/turbulences.
In context of modulation schemes investigated in this paper, M-QAM modulation requires higher SNR and lower amount of intensity level to achieve same performance as compared to M-PSK scheme in case of Rayleigh fading model. However, in weak to moderate turbulence regime of Lognormal and Rician channels, M-PSK modulation formats requires considerably lesser amount of SNR and intensity levels as compared to M-QAM modulation in order to achieve reasonable system performance when amount of fading is increased from 0.25 to 0.75. The same results are also comprehended from outage probability curves, which ascertained that QPSK requires much less power than the other two to prevent signal from completely outaging at receiver end and thus proven to be highly performant technique for varied levels of turbulenceinduced atmospheric channels. In addition to this, the numerical results are also verified by carrying out Monte-Carlo simulations on BER in three different channels for M-PSK and M-QAM modulations. The second part of numerical investigation is focused towards analyzing the effect of zero and nonzero boresight pointing error models characterized by Rayleigh and Rician distributions on laser beam propagating through weak turbulent Lognormal channel by considering beamwidth, jitter variance and detector aperture as system parameters. In these system settings, the BER and outage probability of composite Lognormal channel with BPSK modulation is analyzed. It has been observed that the performance of system deteriorates as jitter variance is increased and this effect gets more pronounced when nonzero pointing error of boresight displacement is considered. It is also augmented from results that the required transmission power almost doubles for the same value of outage probability, when boresight pointing error is increased from 0 to 3. Lastly the effect of phase noise modeled by Tikhonov distribution in BPSK modulation is also evaluated on three fading channels.
APPENDIX A
In this appendix, the closed form solution of unconditional BER in Log-normal fading channel for MPSK is derived by applying the alternative form of Q-function and GaussHermite quadrature integration approximation. Rewriting equation (8) In order to approximate the above equation, GaussHermite approximation is applied which is stated as [8] :
where, w i and x i are the weight factors and zeros, respectively, of n th -order Hermite polynomial [8] and its degree shows the amount of accuracy while solving the complex integration. As a practice, the 20 th -order of this approximation hints towards the highest accuracy in presentation of BER [3] . Let us suppose Q a √ γ (I ) = f (x). Using this approximation method [7] , the equation (108) can be rewritten as:
For the sake of further approximating the above equation, the alternative form of Q-function is used which can be given as:
The equation (110) can be conjectured as:
Substituting the value of γ (I ) from section 3.1, into equation (112), we get:
In this formulation, the value of I can be substituted from equation (107) 
Here, K 0 = I 2 0 /2σ 2 l represents different noise limiting conditions. Converting the equation (115) in terms of q-function using equation (111), the unconditional BER expression finally reduces to:
The above formulation is, in general, the closed form solution for any modulation technique having specific values of a and b in equation (105). Through replacement of the values of a and b of BER expression of MPSK in equation (116), the final expression can be obtained.
APPENDIX B
In this appendix, the closed form solution of unconditional BER in Rayleigh Fading channel is derived by applying the alternative form of Q-function as:
Reconsidering equation (18) and substituting the above equation, we have: 
Substituting the value of α in above equation, the unconditional BER in Rayleigh fading channel will become:
APPENDIX C
In this appendix, the closed form solution of unconditional BER in Rician Fading channel is derived by applying the alternative form of Q-function of equation (117) and Moment Generating Function (MGF) [9] . The general equation of unconditional BER as:
The expression can be simplified by using alternative form of Q-function: 
The BER expression of equation (125) can be expressed in form of MGF mentioned in above equation as:
This equation is common for all types of channel models and BER can be easily obtained in simplest way, mostly in order of single integral over θ only if Laplace transform of fading channel's PDF is available in closed form. In case of Rician Fading Channel, the Laplace transform of pdf of Rician Distribution can be obtained in terms of MGF as follows [9] In above equation, n 2 can be replaced by Rician-K factor and formulation of BER thus becomes:
